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SUMMARY
For lightweight structural components, continuous fibre-reinforced thermoplastic composites have demonstrated
success in aerospace and defence applications. Their mechanical behaviour is a result of the possible sliding
and interactions between the fibres, but the complex deformation mechanisms of this sheet are a main problem
in the practical thermoforming process. In this context, a large experimental work was developed to analyse the
behaviour of a 5-harness satin weave carbon–polyphenylenesulfide (PPS) composite. Firstly, we started this work
with a microscope observation of the sheet cross section and a thermo-gravimetric analysis of carbon/PPS to un-
derstand the thermal condition in the forming process, the reinforcement (fibre and yarn) geometry and dimensions
and the textile reinforcement architectures. Secondly, in high temperature conditions (at 320!C), static uniaxial and
biaxial tensile tests were carried out. During these mechanical tests, we used a digital image stereo-correlation
technique to get full field displacement measurements and an infrared camera to measure the temperature in the
surface of sample.
The results of the experimental investigation were used with the commercial software ABAQUS to develop a nu-
merical model of stamp thermoforming operation. The stamp thermoforming part was developed using a hemi-
spherical punch and compared with an experimental result. In the deformed part obtained by thermoforming of
the carbon/PPS sheet, we analysed the instability phenomena such as wrinkling. Copyright © 2011 John Wiley
& Sons, Ltd.
KEY WORDS: woven-fabric reinforcement; carbon/PPS; composite thermoforming; experimental mechanics;
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1. INTRODUCTION
Since the earlier times, aeronautical constructors have been looking for light weight and robustness in
composites. In aerospace manufacturing, the experiences have proved that the use of composites
allows one to obtain weight reduction varying from 10% to 50% with equal performance, together with
a cost reduction of 10% to 20% compared with making the same piece with conventional metallic
materials [1]. These factors provide strong motivation for the composites industry to develop simula-
tion technologies for continuous fibre-reinforced composites [2,3].
Especially, the forecast of the behaviour of composite material is a major point of optimization of
the quality and the cost of the parts obtained by thermoforming. In the last 10years [3], there has been
increasing use of reinforced composites in primary structural components of aircrafts such as Airbus
A380, Boeing 777, coming Boeing 787 and coming Airbus A350 [4,5] (see Figures 1 and 2).
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In the present work, we present an experimental attempt to evaluate the forming characteristics of
woven composite. Several static uniaxial and biaxial tensile tests were carried out in high temperature
condition.
In the second part, we will present a numerical simulation on thermostamping of woven composite
sheets. The results of the experimental investigation were used to develop the numerical model of the
mechanical test (to choose the biaxial tensile specimen geometry) and the composite thermoforming
operation. Linear shell elements (ABAQUS [30] element type S4R) will be used to model the composite
sheets and rigid elements to model the tools.
2. MATERIAL CHARACTERIZATIONS
Various deformation mechanisms can occur during forming of a sheet of textile composite material; the
properties of woven fabrics are very different from conventional materials. In the woven composite
forming process, the most dominant deformation mode is the intra-ply shear [6]. In weave character-
ization procedure, many design experimental tests (bias-extension test, biaxial tensile test, trellis-frame
test, etc.) were developed; particularly, the experimental investigations of Cao et al. [7] presented
consistent results of benchmark tests, the last ones developed by seven international research institu-
tions (i.e. Hong Kong University of Science and Technology (HKUST) in Hong Kong, Katholieke
Universiteit Leuven (KUL) in Belgium, Laboratoire de Mécanique des Systèmes et des Procédés
(LMSP) in France, Northwestern University (NU) in the USA, University of Massachusetts Lowell
(UML) in the USA, University of Twente (UT) in the Netherlands and University of Nottingham (UN)
in the UK. Usually the experimental data from such tests can play two important roles either in fitting
the parameters of constitutive models derived from continuum mechanical assumptions or else in evalu-
ating the accuracy of constitutive models based on a constituent-based predictive approach [6].
2.1. Material requirements
The material investigated in this study was carbon/polyphenilenesulfide (PPS) woven composite. The
studied laminates were made of 5-harness satin weave pre-pegs plies with a fibre volume fraction of
50%. The PPS matrix reinforced by carbon fibre is widely used in high-performance applications such
Figure 1. Boeing 787 material distribution [25].
Figure 2. Composite content by weight in future aircraft structures, Boeing 787 and Airbus A350.
as aerospace, automobiles and aeronautic industries. For both cases, short-fibre and unidirectional
long-fibre composites were treated at micro-scale and at macro-scale, but the textile composites have
an additional level, meso-scale, to consider. Woven textiles are constructed by interlacing two orthog-
onal sets of tows in a variety of weave topologies, such as satin, twill, matt and plain. The mechanical
behaviour of woven reinforcements used in composites is mainly depending on weaving between warp
and weft yarns. Figure 3 shows the weaving of the composite carbon/PPS (a) to visualize the weave
topologies and (b) to represent the geometry of yarn in the cross section. The yarn dimensions, which
were measured in three different locations of the laminate, revealed that the 5-harness satin weave weft
yarn maintained its elliptical shape, with a major diameter of 1.52"0.15mm and the minor diameter
(a)
(b)
Figure 3. Photomicrograph of three-ply composite sheets. (a) Cross-sectional view of a 5-harness satin weave
carbon–PPS, (b) geometry and dimensions of yarn.
Figure 4. Photomicrograph of cross section of composite sheet: distribution of microfibres in composite yarn.
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varying at around 0.162"0.015mm. In Figure 4, we show the fibre distribution in the yarn, which was
used to determine the value of carbon fibre diameter.
2.2. Thermo-gravimetric analysis of carbon/PPS
In order to increase the formability of composite sheet, the tested plates were heated. After discussion
with industrialists and the thermo-gravimetric analysis results, we selected the optimal forming temper-
ature of carbon/PPS composite at 320!C. Figure 5 shows the Differential Scanning Calorimetry (DSC)
results of carbon/PPS; the temperature of vitreous transition is about 90!C, and the melting point of the
carbon/PPS is 285!C. In order to avoid the degradation of the mechanical properties of material during
cooling of the part, it is necessary to maintain the temperature constantly at 220!C for 10min. The use
of the Thermal Gravimetric Analysis (TGA) by Ning et al. [8] prove that the degradation temperature
of carbon/PPS is much higher than the forming temprature.
2.3. Experimental tensile and bias-extension tests
We start the experimental investigation with several simple tensile tests in different orientations (0!,
90!) and bias-extension test (Figure 6a). The bias-extension test involves clamping a rectangular piece
of woven material such that the warp and weft directions of the tows are orientated initially at "45! to
the direction of the applied tensile force.
During the test, the specimens were heated at 320!C in order to bring them closer to the conditions
of the forming process. The temperature on the surface of the sample was measured by using an infra-
red camera. Also, a Digital Image Stereo-Correlation (DIC) technique was applied in order to measure
Figure 5. DSC results of carbon/PPS.
(b) 
(a) (c) 
Figure 6. (a) Tensile samples orientation in the composite sheet, (b) tensile samples before testing and (c) grey
level.
the displacement fields in the specimen’s surface. The displacements of many points distributed on the
surface of the object are calculated from the grey level (Figure 6c) analysis of the images. Several low-
rate tensile tests were carried out in the laboratory using an Instron{ tensile testing machine.
Figure 7a and b shows the load–displacement curves of the bias-extension test ("45!) and the uni-
axial tensile test (0/90!), respectively, for the two weave directions. In the first case, the displacement
reached 13mm, which is explainable by the fibre rotation in the middle of the sample [9]. However, in
the second case, the fibres were blocked in the bits of the machine, which limited the displacement to 0.8mm.
But we can consider that the axial deformation is the secondary important cause of deformation,
although this behaviour cannot be neglected according to Boisse [10]. Woven materials exhibit an ini-
tial non-linear stiffening caused by crimping in the yarns. When the fibres become aligned, the re-
sponse becomes linear and is determined by the fibre characteristics. The importance of this
phenomenon depends on the properties of the transverse yarns and in particular their resistance to com-
paction. If the transverse yarns are also loaded, then the de-crimping zone will decrease in magnitude.
Typical results are given by Boisse [11] for a plain weave fabric. When loaded uniaxially (i.e. ‘other
free direction’), the non-linear region extends to a strain of approximately 0.5%, but the force to com-
pletely straighten the yarn is low. As the ratio between strains in the tested (warp) and transverse (weft)
directions increases, the force curve tends towards the behaviour of an individual yarn.
The use of the measurement equipment without contact, a charged coupled device (CCD) camera
and commercial image correlation software ARAMISW} allow the visualization of the strain distribution
in two different cases of fibre orientation; in Figure 8a, the fibre was oriented 0/90! with respect to the
load axis, and Figure 8b represents the bias-extension test, the fibre oriented "45! to the load axis. In
the first case, the distribution of strain in the specimen surface was homogeneous, but in the second
case ("45! fibre orientation; Figure 8b), we observed a very heterogeneous deformation. It can be seen
from Figure 8c that the uniaxial tensile test specimen has three distinct regions: region A, pure shear
zone; region B, undeformed zone of clamped fibres; and region C, zone of preferential slip and tow
buckling. The shear angles should be measured or computed from the region [12-13]. In the DIC
results of the specimen oriented "45! with respect the load axis, the rotation of fibre starts at 4.3%
of deformation; if the last phenomenon progresses, a homogeneous shearing zone takes place (noted
in region A) in the centre of the sample (Figure 8b). In Figure 9, we can observe a huge difference be-
tween initial and final orientations of the fibre in the central zone of tensile specimen, which explains
the flexibility during the deformation of the weave.
2.4. Biaxial tensile test
A multi-axial system is used to develop the mechanical solicitation during the biaxial tensile test. This
machine is an Instron 8800 biaxial. The capacity of this system is 100kN to each actuator with a
frequency up to 200Hz with very small amplitudes. The configuration of the machine is made for
cruciform specimens, and there is no restriction for specimen material (Figure 10).
According to the work presented by Smits et al. [14–21], a successful biaxial strength test with
cruciform specimen required the following conditions:
1. Maximization of the region of uniform biaxial strain.
2. Minimization of the shear strains in the biaxial loaded test zone.
3. Minimization of the strain concentrations outside the test zone.
4. Specimen failure in the biaxial loaded test zone.
In this investigation, after several numerical models, we chose the geometry of the biaxial specimen
[15] presented in Figure 11 .
In the experimental set-up of the biaxial test, the specimens were heated to 320!C, with two CCD
cameras installed in order to measure the displacement field in the surface of specimens; to improve
the luminosity of the zone work, a light source was embedded in the mediums of the two camera posi-
tions. Also, an infrared camera was installed opposite to the heated zone to measure the temperature.
{http://www.instron.tm.fr
}ARAMIS commercial software. GOM, (http://www.gom.com/)
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(a) (b) (c) [9] 
Uniform
shearing
zone
Figure 8. DIC results in uniaxial load: (a) direction at 0!/90!, (b) direction at +45!/#45! and (c) shearing mech-
anism in tensile specimen.
Figure 7. Load–displacement curve; (a) bias-extension test, (b) tensile test.
Figure 9. Fibre rotation in the tensile test of woven PPS ("45! direction).
Figure 12 shows the experimental configuration. The distribution of displacement as illustrated in two
different levels of rool (Figure 13) is shown in the cartography of displacement in the central zone of
specimen with weave orientation at 0/90!.
Figure 14 shows the fracture mechanism of tow cases at"45! and 0/90! orientation of weave. In the
first case, the lengthening is large, but in the second the fibres are blocked in the tow directions by the
bits of the biaxial machine, so that the displacement is very small. Also, we observe that the fracture
started from the connection radios. By using the DIC, we observe that the biaxial deformation localized
in the middle of specimen, which confirms the good choice of the specimen geometry.
At macroscopic level, a woven fabric can be seen as a continuous material with a very specific
mechanical behaviour, including high anisotropy and the ability to exhibit very large shearing and
bending deformations [16].
In order to determine the mechanical properties of composite material, we used a comparison
procedure between the numerical and experimental curve ‘load–displacement’. For many times we
modify the values of the parameters of FE model of the tensile test and we evaluate the results until
we arrived at a satisfaction criterion. Table I presents the mechanical properties of carbon/PPS obtained
by this identification procedure.
(a) (b)
Figure 11. (a) Geometry of the biaxial specimen; (b) the variable grey levels on the surface of a biaxial tensile
specimen.
Figure 10. Instron 8800 biaxial tensile machine.
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3. MODELING OF HEMISPHERICAL FORMING AND ANALYSIS
Due to the diversity of the used materials and the complex shapes created, the introduction of computer
codes and the numerical analysis became a necessity. In fact, the implementation of a numerical model
can significantly reduce conception times, a key issue in the developed industries. In addition,
Figure 12. Experimental set-up of biaxial tensile test.
1st level of loading
2nd level of loading
(a) Y displacement (a) X displacement
X 
X
YX Y 
X 
Y
X 
Y 
Figure 13. Cartography of displacement in the central zone of specimen with weave orientation at 0/90!.
numerical simulation is an efficient way to improve the control of the thermoforming process and avoid
problems which can occur, such as the tearing of the thermoformed sheet and the irregularity of the
blank’s thickness distribution. Thus, importance must be given to the introduction of the main physical
phenomena occurring during this process such as the failure, the wrinkling of sheet, the material’s
constitutive law and the contact between model’s components, which greatly affect the results [17,18].
In the numerical section of this investigation, we will present the simulation of thermostamping of
woven composite sheets through a full continuum mechanics approach. Figure 15a shows the typical
tool geometry [20,21] used in the thermoforming model of thermoplastic reinforced by continuous car-
bon fibre. We will use 7468 linear shell elements (S4R) to model the composite sheets represented by a
300$300mm plate (Figure 15b). We employ the material properties in Table I, and we use a compos-
ite layup (three plies). The compaction force on the blank holder is 300N.
(a) (b)
Figure 14. Biaxial tensile sample after fracture (a) weave orientation at "45!, (b) weave orientation at 0!/90!.
Table I. Material characteristics for carbon/PPS composite.
E11 [GPa] 51.08
E22 [GPa] 41.34
n12 [–] 0.03
G12 [GPa] 4.12
G13 [GPa] 3.5
G23 [GPa] 3.5
 
   
(b)(a)
Composite sheet
Punch 
Blank-holder 
Die
Figure 15. Finite element model for hemispherical stamping simulation of woven fabric, (a) tool geometry, (b) nu-
merical model.
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Two different configurations of hemispherical stamping operation are considered. Figure 16a and b
shows the two final appearances of stamp thermoforming from top view. In the first, the composite
considered had an orientation of weaving at 0/90! (Figure 16a); in the second case the fibre oriented
at "45! (Figure 16b). A numerical study of the same application is presented in [22].
In the case of 0!/90! orientation weave, we observe a shortening of the matter on the level of the
median of the plate, that is according to the same direction of fibres. This phenomenon is explained
by the rotation of fibres and the variation of shear angle between the warp and the weft yarn. During
shearing, significant changes appear in the geometry of the elementary mesh which generates a great
deformation according to the diagonal direction of the mesh.
The thermoforming test of thermoplastic composite reinforced by carbon fibres showed that the
fibres do not slip between them during the forming operation. Sometimes, a slip can take place, but
it is the beginning of failure in the forming operation.
In the second configuration where the initial orientation of fibres is "45!, the flow of the matter is
more significant according to the direction of the diagonal and limited according to the median direction,
which is explained by the rotation of fibres in the first direction and the absence of phenomenon in the
second. Because of this, several phenomena appeared in the final shape such as wrinkling. Shear in some
regions goes beyond the limit of in-plane deformation; in this area we show the appearance of wrinkles
(Figure 17).The presence of the wrinkles is noted: (i) first, in the diagonal part of the sheet, after form-
ing in the case where the yarns’ orientation is 0°/90° (Figure 16-a), (ii) second, in the median part of the
sheet, after forming in the case where the yarns’ orientation is ±45 (Figure 16-b). The zone of presence
of wrinkles depends on the initial orientation of the angle between the yarns because the shearing
(a) (b)
Figure 16. Numerical results of stamp thermoforming: (a) weave orientation 0!/90!, (b) weave orientation "45!.
(b)(a)
Wrinkling  zone 
Figure 17. (a) Typical wrinkling of a flat sheet after thermostamping [26], (b) Numerical results of thermostamping.
involves a reduction in the angle until the blocking and an increase the thickness at this zone. In many
investigations, the authors used a wrinkling criterion to evaluate quantitatively the magnitude of wrinkling
based on theoretical model. On the basis of the energy method, Zhu et al. [23] expressed this criterion:
wt⩽wr þ ws þ wc (1)
Where wt is the total energy, wr is the energy dissipated by rotary friction of yarns, ws is the energy
dissipated by sliding friction of yarns and wc is the energy dissipated by transverse compression of
yarns.
With
wt ¼
4EI
D
þ
P
Fw0
4
" #
' cosg
wr ¼ e0m!N 1þ
3g
2p
" # ffiffiffiffiffiffiffiffiffi
cosg
p
r
ws ¼ 2w0m!P gð Þ cosg
wc ¼ 2w0!P gð Þ sing
8>>><
>>>:
Where F is the additional force along yarns, g is the inter yarn shear angle, !N is the normal compressive
force between yarns, e0 the initial yarn width, m the frictional coefficient between yarns and !P lateral
compressive force between yarns.
Because it is not convenient to directly measure the forces during the forming operation, we use this
relation to determine the tensile force along yarns:
F ¼ Ee'
npD2
4
(2)
Where E is the elastic module of the yarn, D is the diameter of fibre, e is the strain along the yarn and
n is the number of fibres in a yarn.
Boisse et al. [24,27–29] developed an analysis of wrinkles in the woven composite, and they proved
the very sensitive to in-plane compression loadings. Wrinkles phenomena are due to all strains and
rigidities of the fabric (tension, in-plane shear and bending) and to boundary conditions. A blank
holder can increase the tensions and consequently avoid wrinkling [24].
4. CONCLUDING REMARKS
In this investigation, a pre-impregnated woven composite was used. This material carbon/PPS has
many applications particularly in the aircraft structure and the aerospace industry.
Firstly, an experimental work was developed, starting with the thermo-gravimetric analysis of car-
bon/PPS. According to the results of this analysis, the bibliography study and the discussion with
industrialists, we chose 320!C as the optimal temperature of thermoforming of carbon/PPS composite.
In addition, several mechanical tests were developed, and uniaxial and biaxial specimens were pre-
pared in different orientations of weave. During these tests which were carried out respectively on
two uniaxial and biaxial tensile testing machines (Instron in LGP laboratory), a DIC method was used
to evaluate the displacement in the specimen’s surfaces. These tests were elaborated in high tempera-
ture condition, and an infrared camera was used to measure the temperature during the test. The results
extracted from this experiment were analysed.
We also performed hemisphere forming simulation which is a classic test for the forming simula-
tion. In this section, we used the experimental results in the numerical model in order to evaluate the
formability of this material and to analyse the phenomena present during the thermoforming operation.
Experimental results extracted from the bibliography was presented in order to prove the numerical ob-
servation. Above all, this paper shows how numerical simulation can greatly improve understanding of
the forming process, particularly the wrinkling phenomenon which was studied in the last section.
Thus, wrinkling occurred in the same region in the numerical and experimental results due to local
buckling of tows. In addition, we presented a theoretical criterion based on energy method to predict
when the wrinkling happens.
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